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IT HAS BEEN CLEARLY ESTABLISHED that prolonged stimulation with the excitatory neurotransmitter glutamate causes neurological disorders (9, 11) . Many cellular processes including increased cytosolic Ca 2ϩ concentration ([Ca 2ϩ ] i ), activation of caspases, production of nitric oxide (NO), and generation of reactive oxygen species (ROS), have been reported to contribute to the development of glutamate-induced excitotoxicity (13, 15, 17, 40, 42) . However, the essential components and the complete molecular and biochemical pathways involved have not been completely elucidated. Glutamate receptors can be divided into metabotropic and ionotropic receptors, and the latter can be subdivided into N-methyl-D-aspartate (NMDA) receptors, ␣-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors, and kainate receptors. It is believed that the initial event in glutamate-induced excitotoxicity is Ca 2ϩ influx induced by the activation of NMDA and AMPA receptors (6, 31) . The Ca 2ϩ overload subsequently results not only in mitochondrial depolarization but also in ROS production (9, 15, 26, 40) .
Recently, evidence has been obtained to show that the activity of channels for Ca 2ϩ and other ions in the plasma membrane or intracellular organelles is regulated by thiol nitrosylation; this is the case for L-type Ca 2ϩ channels (3), cyclic nucleotide-gated cation channels (1, 2) , NMDA receptors (30) , and ryanodine receptors (46) . With the exception of NMDA receptors, nitrosylation of sulfhydryl groups results in channel activation. The role of NO-producing neurons is paradoxical: in the presence of the superoxide anion, the NO generated after NMDA-receptor activation is converted to peroxynitrite, which is believed to cause neurotoxicity (13) ; however, S-nitrosylation of NMDA-receptor thiol groups in the presence of NO results in channel inactivation and, in this case, NO is neuroprotective (27, 30, 41) .
One of the main aims of the present study was to use primary cultures of cerebellar granule neurons to elucidate the sequence of events in NMDA-induced cell death and determine the connection between the [Ca 2ϩ ] i increase and possible cellular mediators. In addition, we investigated the protective mechanisms involved in glutamate-induced excitotoxicity, which might have clinical significance for neuroprotection. We found that after activation of the NMDA receptor, granule neurons died through a Ca 2ϩ -mediated process, and the glutamateinduced cytotoxicity was attributable to the generation of ROS. Glutamate-induced ROS generation was dependent on a sustained [Ca 2ϩ ] i increase, which is normally seen in granule cells after NMDA-receptor activation. In the presence of S-nitrosoglutathione (GSNO) but not glutathione (GSH), glutamate caused a transient [Ca 2ϩ ] i increase but no ROS generation or cell death, and this phenomenon was not affected by the simultaneous addition of a free-radical scavenger. Thus we provide evidence for a direct connection between the sustained [Ca 2ϩ ] i increase and ROS generation. Although granule cells are NO-producing neurons (25) , it is possible that under our experimental conditions, the amount of endogenously generated NO was insufficient to modify the NMDA receptor.
MATERIALS AND METHODS

Materials
Basal Eagle's medium, fetal bovine serum, glutamine, and penicillin-streptomycin were purchased from Life Technologies (Grand Island, NY). Fura-2 acetoxymethyl ester (AM) and 2Ј,7Ј-dichlorodihydrofluorescein diacetate (H 2DCFDA) were obtained from Molecu-lar Probes (Eugene, OR). Manganese (III) tetrakis(1-methyl-4-pyridyl)porphyrin (MnTMPyP) was obtained from Calbiochem (San Diego, CA). Glutamate, NMDA, ATP, carbonyl cyanide p-trichloromethoxyphenylhydrazone (CCCP), poly-L-lysine, trypsin, DNase, GSH, GSNO, cytosine arabinoside, Hoechst 33258, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma (St. Louis, MO). S-nitroso-N-acetylpenicillamine (SNAP), MK-801, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and ␣-methyl-4-carboxyphenylglycine (MCPG) were purchased from Research Biochemicals International (Natick, MA). The caspase-1, -3, and -8 assay kits were purchased from Calbiochem, Pharmingen (San Diego, CA), and Oncogene Research Products (Boston, MA), respectively. All other chemicals were of analytical grade and were obtained from Merck (Darmstadt, Germany).
Cell Cultures
Primary cultures of rat cerebellar granule cells were prepared from 7-day-old Sprague-Dawley rat cerebella as previously described (18) . All procedures employing experimental rats were performed in compliance with the guidelines of the Institutional Animal Care and Use Committee of the National Defense Medical Center and Triservice General Hospital, Taiwan. Briefly, Sprague-Dawley rat pups were decapitated and cerebella were isolated and immersed in ice-cold PBS. The cells were dissociated in Ca 2ϩ -free buffer that contained 0.25 mg/ml trypsin and 2,400 U/ml DNase and were collected by centrifugation before being plated on poly-L-lysine (20 g/ml)-coated 24-mm glass coverslips (2 ϫ 10 6 cells/coverslip) for [Ca 2ϩ ]i measurements, 24-well plates (5 ϫ 10 5 cells/well) for lactate dehydrogenase (LDH) release and MTT assays, or 60-mm dishes (6 ϫ 10 6 cells/dish) for measurement of caspase activity and ROS generation and were grown in a humidified atmosphere of 5% CO 2-95% air at 37°C. The growth medium consisted of basal Eagle's medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 21.5 mM KCl, 100 U/ml penicillin, and 100 g/ml streptomycin. Normally, 10 M cytosine arabinoside was added to cultures 24 h after plating to minimize glial cell proliferation; in some experiments, to obtain a higher percentage of glial cells in the cultures, the concentration was reduced to 5 M or zero, and the KCl supplement was removed from the medium. Glial cells were identified by positive immunocytochemical staining for glial fibrillary acidic protein and their distinct morphology (see Fig. 10 ). Experiments were performed on cells grown for 8-10 days after plating.
[Ca 2ϩ ]i Measurement
We measured [Ca 2ϩ ]i using the fluorescent indicator fura-2 as described previously (10) . Briefly, cells grown on glass coverslips were loaded with fura-2 by incubation for 20 min at 37°C with 5 M fura-2 AM in loading buffer that consisted of (in mM) 150 NaCl, 5 KCl, 5 glucose, 2.2 CaCl 2, 1 MgCl2, and 10 HEPES; pH 7.4. The coverslips were then mounted in a modified Cunningham chamber (12) attached to the stage of a Nikon Diaphot inverted microscope that was equipped with a Nikon ϫ40 Fluor objective, and the fluorescence of the cells was monitored using a dual-excitation spectrofluorometer with a photomultiplier-based detection system (Spex Industries, Edison, NJ). Using a pinhole diaphragm placed in the image plane in front of the photomultiplier, two or three cells were selected per coverslip and excited alternately with 340-or 380-nm light; the emitted fluorescent light was collected via the objective through a 510-nm long wave-pass filter. The [Ca 2ϩ ]i was calculated from the ratio of the fluorescence at 340 and 380 nm using the equation described by Grynkiewicz et al. (20) 
Treatment of Cultures
Unless otherwise stated, to detect maximal NMDA-receptor activity, Mg 2ϩ was removed from the loading buffer during the glutamate stimulation period to avoid Mg 2ϩ -dependent block of the NMDA receptor (32, 37) , and 10 M glycine, which is an NMDA-receptor coagonist (21, 33) , was added. After two washes with loading buffer, the cells were stimulated for 30 min at room temperature with the indicated concentrations of glutamate or NMDA (1-1,000 M) in the presence or absence of the test compounds. After an additional two washes, the cells were transferred to serum-free medium and incubated for 4 h at 37°C. Cells were then tested for cell death, ROS generation, and caspase activity. In some experiments (see Fig. 4E ), cells were incubated for 24 h at 37°C before assay. As controls for these three assays, cells were treated identically except that the glutamate or NMDA was omitted.
Cytotoxicity Tests
Cytotoxicity was quantified by measuring the activity of LDH released from the cells into the medium (24) , and neuronal survival was quantified spectrophotometrically using MTT (Ref. 34 ; see below). Control cells underwent the same treatment except for the addition of glutamate. In some experiments, extracellular Ca 2ϩ was omitted from the loading buffer.
MTT assay. MTT reduction was determined as described by Mosmann (34) . Briefly, cells in 24-well plates were treated with glutamate for 30 min and incubated in 200 l of serum-free medium for 4 h, then 20 l of MTT (5 mg/ml) was added to each well. After incubation at 37°C for 1 h, the blue formazan reduction product produced due to the action of mitochondrial succinate dehydrogenase in living cells but not in dead cells or their lytic debris was dissolved in isopropanol and measured on an ELISA plate reader at 570 nm. Cell survival was expressed as a percentage of that of controls. The data presented are means Ϯ SE for n independent experiments using different batches of cells.
LDH determination. The activity of LDH released by damaged cells into the medium was measured as described by Koh and Choi (24) . Cells in 24-well plates were treated with glutamate for 30 min and incubated in 200 l of serum-free medium for 4 h, then a 150-l aliquot was removed and mixed with 1.5 ml of loading buffer that contained 100 M NADH and 750 M pyruvate. The absorbance at 340 nm was monitored for 3 min. Basal LDH release values from control cells not treated with glutamate were determined in each experiment, and the LDH release from treated cells is expressed as a percentage of that from control cells. The data presented are means Ϯ SE for n independent experiments using different batches of cells.
Determination of Percentage of Apoptotic Cells
The chromatin-specific dye Hoechst 33258 was used to observe nuclear changes that occur during the process of apoptosis as described previously (7) . Briefly, after the indicated treatments, cells grown on coverslips were fixed and stained for 20 min at room temperature with 10 M Hoechst 33258 in loading buffer. The nuclear morphology was then examined on an Olympus IX-70 fluorescence microscope with excitation and emission wavelengths of 350 and 460 nm, respectively. Apoptotic and nonapoptotic nuclei were counted in 10 randomly chosen fields per coverslip. The percentage of apoptotic cells was expressed as the mean Ϯ SE for six experiments.
Measurement of ROS
Formation of intracellular ROS was measured using H 2DCFDA as described previously (5) . The deesterification product H2DCF, which is cleaved by esterase, remains trapped within the cells and is readily oxidized to fluorogenic DCF by intracellular ROS. Thus the emission fluorescence increase at 525 nm that is associated with oxidation reflects the intracellular ROS level. Cells grown in 60-mm dishes were treated with glutamate for 30 min and incubated in serum-free medium for 4 h. Cells were then incubated with 100 M H 2DCFDA for 20 min at 37°C, washed, and collected by gentle scraping with a rubber policeman, and the cellular fluorescence was measured using a spectrofluorometer (Spex Industries). The emission fluorescence spectrum was scanned between 500 and 560 nm using an excitation wavelength of 500 nm. ROS formation was expressed as fluorescence intensity (in arbitrary units) in both control and glutamate-treated cells. Experiments were repeated at least six times using different batches of cells. The results of one representative experiment are illustrated in the figures. In some experiments, the means Ϯ SE values for the fluorescence peak changes, which were calculated for n experiments, are also shown.
Caspase Assays
Caspase-3 activity was measured using a caspase-3 assay kit according to the manufacturer's instructions. Briefly, cells grown in 60-mm dishes were treated with glutamate for 30 min and incubated in serum-free medium for 4 h. They were then detached and lysed for 30 min at room temperature in 500 l of lysis buffer that consisted of 10 mM Tris⅐HCl, 10 mM NaH 2PO4/Na2HPO4, 130 mM NaCl, 1% Triton X-100, and 10 mM sodium pyrophosphate, pH 7.4. Aliquots of lysates (50 l) were mixed with 10 l of DEVD-AMC (1 g/l), which is the fluorogenic substrate for caspase-3, and 1 ml of 20 mM HEPES, 10% glycerol, and 2 mM dithiothreitol, pH 7.5, incubated for 60 min at 37°C. The fluorescence of the liberated product was measured using a spectrofluorometer (Spex Industries). The emission fluorescence spectrum was scanned between 400 and 480 nm using an excitation wavelength of 380 nm; active caspase-3 results in considerable emission at 440 nm. Caspase-3 activity was expressed as fluorescence intensity (in arbitrary units) in control and glutamatetreated cells. Experiments were repeated six times using different batches of cells, and similar results were observed. Capsase-1 and -8 activities were measured similarly using fluorometric assay kits according to the manufacturer's instructions. The means Ϯ SE values for the fluorescence peak changes were calculated for n experiments.
Immunocytochemistry
Cells were plated in an eight-well chamber in the indicated concentrations of cytosine arabinoside for 7 days. After cells were washed twice in PBS, they were fixed in 4% paraformaldehyde for 10 min, rinsed twice in PBS, and permeabilized in 0.1% Triton X-100 for 10 min. After fixation, cells were incubated for 1 h with primary antibody (anti-glial fibrillary acidic protein), rinsed several times, and incubated for 1 h with goat anti-rabbit FITC-conjugated secondary antibody. Fluorescent cells were viewed using a standard fluorescence microscope (Axiophot; Zeiss, Jena, Germany). Experiments were repeated six times using different batches of cells with similar results. The results of one representative experiment are illustrated.
RESULTS
The cultures used in the present study contained both granule cells and glial cells. Although the growth of glial cells was minimized using the antimitotic cytosine arabinoside (10 M), ϳ7% of the population was glial cells, which were identified by positive immunocytochemical staining for glial fibrillary acidic protein (see below) and their distinct morphology. After glutamate stimulation, the [Ca 2ϩ ] i of granule cells increased rapidly, whereas that of glial cells remained unchanged. Figure  1A shows results for granule cells in the presence of (Fig. 1B) , whereas ATP (100 M) did cause an increase in the [Ca 2ϩ ] i in glial cells (Fig. 1B) but not in granule cells (Fig. 1A, trace j) .
We next measured the effects of Mg 2ϩ and glycine on NMDA-receptor activation. As shown in Table 1 , the maximal ] i (Fig. 3A) ; the maximal effect was seen at 100 M glutamate, and the EC 50 value was 12 M. Glutamate treatment also resulted in cytotoxicity. To avoid interference from the protective effect of neurotrophins present in serum, in preliminary experiments the cells were exposed to glutamate and then incubated in serum-free medium (DMEM) for different periods of time before LDH release was measured. After 4 h at 37°C in serum-free medium, considerable cell death was seen in glutamate-treated cells while basal cell death was low. Unless stated otherwise, the cell death experiments described below were performed after a 4-h incubation in serum-free medium following glutamate treatment. Using Trypan blue exclusion, 7% of the cells scraped off dishes without any treatment whatsoever were found to be dead, and this percentage increased to 15% for cells incubated first for 30 min in glycine that contained Mg 2ϩ -free buffer and then for 4 h at 37°C in serum-free medium before detachment from the culture dishes. Thus the basal cell death (control) caused by incubating cells in glycine-containing Mg 2ϩ -free buffer for 30 min and then in serum-free medium at 37°C for 4 h was ϳ8% (data not shown). As shown in Fig. 3B , MTT reduction by succinate dehydrogenase in living cells was reduced following the 30-min exposure of cells to glutamate concentrations Ͼ10 M while LDH release increased (Fig. 3C) . Both effects were saturable, and the degree of cytotoxicity was dependent on the glutamate concentration. The EC 50 values for glutamate were 25 and 38 M in the MTT reduction and LDH release assays, respectively; the maximal effect was seen with 100 M glutamate in both assays. To examine the role of Ca 2ϩ in the cytotoxic effects of glutamate, we measured glutamate-induced LDH release in the absence of extracellular Ca 2ϩ and found that removal of extracellular Ca 2ϩ completely protected the cells from glutamate-induced cytotoxicity (Fig. 3C) . The NMDA-receptor inhibitor MK-801 also blocked glutamateinduced cytotoxicity, whereas the caspase-3 inhibitor DEVD-CHO had no effect (Fig. 3C) . When the chromatin-specific dye Hoechst 33258 was used to measure apoptotic and nonapoptotic bodies in cells exposed to glutamate for 30 min and then incubated in the presence and absence of serum for Յ7 h, no difference in the percentage of apoptotic cells was seen in control and glutamate-treated cells and in cells incubated in the presence or absence of serum (Fig. 3D) . This suggests that glutamate-induced apoptosis was negligible within 7 h.
To elucidate the biochemical basis for the cytotoxic effect of glutamate and the potential protective mechanisms, we tested the effects of GSNO on glutamate-induced cytotoxicity, which was measured using LDH release. As shown in Fig. 4A , glutamate-induced LDH release was reduced by ϳ75% in the presence of 1 mM GSNO. NO is readily released from GSNO to form GSH. To further characterize the cytoprotective mechanism of GSNO, we examined the effects of SNAP (another NO donor) and GSH on glutamate-induced cytotoxicity. As shown in Fig. 4A , the presence of 1 mM GSH during the 30-min glutamate stimulation period did not affect glutamateinduced LDH release, whereas 1 mM SNAP had a similar protective effect to that seen with GSNO. Figure 4B shows that GSNO had a concentration-dependent protective effect on glutamate-induced cytotoxicity and that GSNO itself had no direct effect on LDH release.
Activation of caspases leads to cell death. We therefore determined whether caspases were activated by glutamate in the presence or absence of GSNO and GSH. As shown in Fig.  4C , caspase-3 activity was unaffected by any of these treatments. For a positive control, we measured the caspase-3 activity after treatment of cells for 12 h with the protein kinase C inhibitor staurosporine and found that this treatment results in increased caspase-3 activity (Fig. 4C) . We also measured caspase-1 and -8 activities after glutamate stimulation and found that neither was increased. The statistical data for the activities of all three caspases before and after glutamate stimulation are summarized in Fig. 4D . Consistent with the caspase activities, no significant apoptotic cells were found 4 h after glutamate treatment regardless of the presence of GSNO or SNAP, whereas apoptotic cells increased to 66 Ϯ 8% after 24 h (Fig. 4E) . A similar quantity of apoptotic cells was seen after cells were treated with staurosporine for 12 h.
As shown in Fig. 5 , coexposure of cells to glutamate and GSNO resulted in a transient peak in the [Ca 2ϩ ] i followed by a decrease to a lower plateau level (a "transient" response) instead of the "sustained" increase seen with glutamate alone (Fig. 5, compare B and A) , whereas coexposure to glutamate and GSH yielded a response indistinguishable from that with glutamate alone (Fig. 5C) ; in all cases, the peak [Ca 2ϩ ] i increase was the same. The transient [Ca 2ϩ ] i increase seen when cells were exposed to glutamate and GSNO was unaffected by the presence of MnTMPyP (Fig. 5D) , which scavenges the ROS generated (16) .
As shown in Fig. 6 , GSNO did not affect the action of thapsigargin or CCCP on [Ca 2ϩ ] i increase. It only modified the ] i change by switching sustained increase to transient response, even though glutamate stimulation was undertaken after intracellular Ca 2ϩ stores were depleted by thapsigargin or CCCP (compare Fig. 6 with Fig. 2A ). SNAP displayed a similar effect as GSNO on [Ca 2ϩ ] i increases induced by glutamate after cells were treated with buffer, thapsigargin, or CCCP.
Generation of excess ROS within cells can cause cytotoxicity. We therefore examined whether glutamate induced the generation of ROS in granule cells and if so, whether this was affected by GSNO and GSH. In the absence of the fluorogenic dye H 2 DCFDA, no fluorescence was seen in the presence of buffer, H 2 O 2 , or untreated or glutamate-treated cells (data not shown). As shown in Fig. 7A , in the presence of the dye, buffer did not cause significant fluorescence emission. Although 100 M H 2 O 2 oxidized the dye and generated a fluorescent product, control cells caused a small but significant amount of ROS to be generated, while glutamate-stimulated cells yielded a marked increase in fluorescence. Figure 7B summarizes the dependence of ROS generation in granule cells on the glutamate concentration. The maximal response was seen at 100 M glutamate and the EC 50 was 22 M. As shown in Fig. 7C , the glutamate-induced generation of ROS was not significantly affected by simultaneous treatment of the cells with GSH (1 and the presence or absence of 10 M glycine. ROS generation is expressed as a percentage of that induced by 1,000 M NMDA. Data are means Ϯ SE for six independent experiments using different batches of cells. mM), whereas 1 mM GSNO or SNAP completely blocked the effect regardless of the presence of MnTMPyP as did removal of extracellular Ca 2ϩ or inhibition of the NMDA receptor by MK-801. Figure 8 shows that stimulation of cells with NMDA also resulted in ROS generation and cell death, and that both were dependent on the concentration of NMDA with the maximal effect seen at 100 M; even in the absence of Mg 2ϩ , these effects were not observed in the absence of glycine.
Our results show that in granule cells, a [Ca 2ϩ ] i increase, ROS generation, and cytotoxicity were all induced by glutamate, and that all three effects were blocked by removal of extracellular Ca 2ϩ . We next determined whether the sustained [Ca 2ϩ ] i increase induced by glutamate led to the generation of ROS, which subsequently caused cell death, by testing the effects of glutamate on [Ca 2ϩ ] i increase and cell death in the presence of MnTMPyP. As shown in Fig. 9A , MnTMPyP had no effect on the glutamate-induced [Ca 2ϩ ] i increase but did abolish glutamate-induced cytotoxicity (Fig. 9B) .
Neurotrophins produced by glial cells are neuroprotective. Because the cultures used in this study contained both neuronal and non-neuronal cells, we determined whether increasing the percentage of glial cells in the cultures by reducing the cytosine arabinoside concentration in the medium from 10 to 5 M or zero protected granule cells against glutamate-induced cytotoxicity. As shown in Fig. 10 , glutamate-induced cytotoxicity, measured either by LDH release (Fig. 10B) or MTT reduction assay (Fig. 10C) , was unaffected, although the content of glial cells was significantly different among three cultures (Fig. 10A) .
DISCUSSION
In the present study, we found that in granule cells, the glutamate-evoked [Ca 2ϩ ] i increase, as measured using the indicator fura-2, was predominantly due to activation of NMDA receptors since it was not inhibited by CNQX or MCPG but was completely inhibited by MK-801 and was dependent on extracellular Ca 2ϩ (see Fig. 1 ). The inhibitory effect of Mg 2ϩ and the stimulatory effect of glycine on the glutamate-induced [Ca 2ϩ ] i increase is further evidence for involvement of the NMDA receptor (see Table 1 ). Glutamate also induced ROS generation and cell death, and both events were dependent on glutamate-induced Ca 2ϩ influx and were inhibited by MK-801 (see Figs. 3 and 7) . Thus in granule cells, activation of the NMDA receptor leads to a [Ca 2ϩ ] i increase, ROS generation, and cell death. Similar results were seen using NMDA (see Table 1 and Fig. 8) . Furthermore, the EC 50 values for glutamate for the [Ca 2ϩ ] i increase, ROS generation, and cell death were consistent at 12, 22, and 25 M, respectively (see Figs. 3, 4, and 7) .
In the absence of extracellular Ca 2ϩ or the presence of an intracellular Ca 2ϩ chelator, neurons survive after NMDAreceptor stimulation (8, 43) , which indicates that Ca 2ϩ influx through the NMDA receptor may be the primary event triggering glutamate-induced neuronal injury. In the present study, we observed that the [Ca 2ϩ ] i increase that resulted from activation of NMDA receptors was sustained while glutamate was present, and that reproducible [Ca 2ϩ ] i increases were seen following repetitive glutamate stimulation, which suggests that inactivation and desensitization of the NMDA receptor did not occur as long as glutamate was present (see Fig. 1 Our results also demonstrated the temporal sequence of the actions of these cellular mediators that are generated following glutamate stimulation and lead to cell death. Scavenging of ROS protected cells against glutamate-induced cytotoxicity but had no effect on the glutamate-induced [Ca 2ϩ ] i increase; this suggests that the increase in the [Ca 2ϩ ] i precedes ROS generation, which then leads to cell death (see Fig. 9 ). Many studies have shown that the massive influx of Ca 2ϩ that results from NMDA-receptor activation is taken up not only by the endoplasmic reticulum but also by mitochondria (22, 39, 44, 45) . Excessive Ca 2ϩ sequestration into mitochondria can result in mitochondrial dysfunction, which includes impaired ATP production, generation of ROS, and the opening of the permeability transition pore, and finally leads to cell death (4, 23, 36) . The mitochondrion might therefore be the critical organelle linking glutamate-induced Ca 2ϩ influx and cell injury. In the present study, our results suggest that in granule cells, the contribution of Ca 2ϩ release from intracellular Ca 2ϩ stores to glutamate-induced [Ca 2ϩ ] i increase is negligible (see Fig. 2 ). The transient [Ca 2ϩ ] i increase caused by glutamate in the presence of GSNO still seen after the actions of thapsigargin or CCCP (see Fig. 6 ] i falls back to the basal level. The culture medium used in this study contained serum, cytosine arabinoside, and a high K ϩ concentration (final concentration, ϳ25 mM), which favor the growth of neurons. Concurrently, granule cells undergo rapid biochemical and morphological differentiation (19, 29) . Thus granule cells are enriched and make up the majority of cells in the cultures. Reducing the K ϩ concentration in the medium promotes the degeneration of granule cells via caspase activation (14, 47) , whereas reducing the cytosine arabinoside concentration increases the percentage of glial cells in the cultures. Many studies have shown caspase activation to be responsible for NMDA-induced neurotoxicity (42) . In the current study in which cell cultures were grown in a high-K ϩ medium, the activities of caspase-1, -3, and -8 were not increased 4 h following glutamate stimulation, inhibition of caspase-3 did not block glutamate-induced cytotoxicity, and apoptotic cell death was not seen until 24 h after exposure of cells to glutamate (see Figs. 3 and 4) . Furthermore, increasing the percentage of glial cells in the cultures by reducing the cytosine arabinoside concentration did not prevent glutamate-induced excitotoxic injury (Fig. 10) . Because the cultures used contained a mixture of cells, it is possible that the cell death detected involved predominantly glial cells rather than granule cells, in which case increasing the number of glial cells would not be expected to result in protection of granule cells. However, this is unlikely, because glial cells did not respond to glutamate stimulation (see Fig. 1 ).
Glycine is the coagonist for NMDA-receptor activation. The maximal effect of NMDA-receptor activation on [Ca 2ϩ ] i increase, ROS generation, and cell death was seen in the presence of glycine and the absence of Mg 2ϩ (see Table 1 and Fig.  8 ). Glycine was absolutely required for the action of NMDA; in its absence, NMDA did not induce any measurable increase in [Ca 2ϩ ] i even in the absence of Mg 2ϩ (see Table 1 ), and ROS generation and cell death were not observed (see Fig. 8 ). This is further evidence for the above-mentioned dependence of NMDA-receptor activation-induced ROS generation and cell death on the [Ca 2ϩ ] i increase. In terms of the action of glutamate on the [Ca 2ϩ ] i increase, removal of Mg 2ϩ had a greater effect than the presence of glycine (see Table 1 ).
GSH acts as an NMDA-receptor agonist in the central nervous system (28, 38) . In the present study, in the presence of glycine and absence of Mg 2ϩ , neither GSH nor GSNO alone was able to induce a [Ca 2ϩ ] i increase via the NMDA receptor (data not shown), and GSNO alone could not induce cell death (see Fig. 4 ), which indicates that in granule cells, GSH is not an NMDA-receptor agonist. However, the sustained glutamateinduced [Ca 2ϩ ] i increase was replaced by a transient [Ca 2ϩ ] i increase in the presence of GSNO. Our results also show that it was the NO component rather than the GSH component of GSNO that modulated the effect of glutamate on NMDAreceptor activation, since another NO donor, SNAP, mimicked the effect of GSNO on [Ca 2ϩ ] i increase, ROS generation, and cell death, whereas GSH did not (see Figs. 4, 5, and 7) . Granule cells are NO-producing neurons (25) . Using immunoblotting, we measured nitric oxide synthase (NOS)-1 expression in cells exposed to glutamate for 30 min in the presence or absence of serum and then left for 4 h in serum-free medium. Granule cells were found to express significant amounts of NOS-1, but this was unaffected by glutamate treatment in the presence or absence of serum (data not shown). Our result showing the high vulnerability of granule cells to exogenously added NO suggests that under our defined experimental conditions, endogenously generated NO was not produced in large enough amounts to modify the NMDA receptor. One possibility was that the free radicals generated in the presence of glutamate might interact with the NO produced by GSNO to generate peroxynitrite, which might be responsible for the modified NMDA-receptor channel activity. However, the fact that a transient [Ca 2ϩ ] i increase and the abolishment of ROS generation were still seen when a free-radical scavenger was coapplied with the glutamate and GSNO indicates that the amount of peroxynitrite formed was negligible (see Figs. 5D and 7) and so did not affect NMDA-channel activity.
In conclusion, in rat cerebellar granule neurons, activation of the NMDA receptor results in a sustained [Ca 2ϩ ] i increase, ROS generation, and cell death, all of which are prevented by coexposure of the cells to GSNO.
